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Glycinebetaine (betaine) affords osmoprotection in bacteria,
plants and animals, and protects cell components against harsh
conditions in vitro. This and a compelling body of other evidence
have encouraged the engineering of betaine production in plants
lacking it. We have installed the metabolic step for oxidation of
choline, a ubiquitous substance, to betaine in three diverse species,
Arabidopsis, Brassica napus, and tobacco (Nicotiana tabacum), by
constitutive expression of a bacterial choline oxidase gene. The
highest levels of betaine in independent transgenics were 18.6,
12.8, and 13 mmol g21 dry weight, respectively, values 10- to
20-fold lower than the levels found in natural betaine producers.
However, choline-fed transgenic plants synthesized substantially
more betaine. Increasing the choline supplementation further en-
hanced betaine synthesis, up to 613 mmol g21 dry weight in Arabi-
dopsis, 250 mmol g21 dry weight in B. napus, and 80 mmol g21 dry
weight in tobacco. These studies demonstrate the need to enhance
the endogenous choline supply to support accumulation of physio-
logically relevant amounts of betaine. A moderate stress tolerance
was noted in some but not all betaine-producing transgenic lines
based on relative shoot growth. Furthermore, the responses to
stresses such as salinity, drought, and freezing were variable among
the three species.

Plant growth can be greatly reduced by environmental
stress conditions such as soil salinity, drought, and low
temperatures (Boyer, 1982). Compatible solutes (osmopro-
tectants) accumulating in the cytoplasm of water-stressed
plants are used for osmotic adjustment (Yancey et al.,
1982). Enhanced plant stress tolerance has been achieved
by genetic engineering of compatible solutes such as Pro
and mannitol into non-accumulating plants (Tarczynski et
al., 1993; Kishor et al., 1995; Jain and Selvaraj, 1997; Nuccio
et al., 1999). Gly betaine is a one such osmoprotectant, and
it occurs in animals, bacteria, cyanobacteria, algae, fungi,
and many drought- and salt-tolerant angiosperms (Rhodes
and Hanson, 1993). A physiological role of betaine in alle-
viating osmotic stress was proposed based on enhanced

accumulation of betaine in some plants subjected to os-
motic stress (Wyn Jones, 1984). Betaine has been shown to
protect enzymes and membranes from cold (Krall et al.,
1989), heat (Jolivet et al., 1982), salt (Jolivet et al., 1983), and
freezing stress (Zhao et al., 1992). Betaine may also stabilize
the photosystem II protein-pigment complex in the pres-
ence of high NaCl concentrations (Murata et al., 1992;
Papageorgiou and Murata, 1995).

Oxidation of choline to betaine via betaine aldehyde is
the predominant biosynthetic route in all betaine produc-
ers (Hanson and Rhodes, 1983). The first step differs among
various systems with respect to the type of enzyme. It is
catalyzed by a soluble flavoprotein choline oxidase (COX;
EC 1.1.3.17) in some bacteria and fungi (Ikuta et al., 1977;
Tani et al., 1979), a soluble ferredoxin-dependent choline
monooxygenase (CMO) in the chloroplasts of higher plants
(Rathinasabapathi et al., 1997; Nuccio et al., 1998; Russell et
al., 1998), or a poorly characterized membrane-associated
choline dehydrogenase (CDH; EC 1.1.99.1) in some bacteria
and animals (Nagasawa et al., 1976; Haubrich and Gerber,
1981; Lamark et al., 1991). Oxidation of betaine aldehyde is
catalyzed by an NAD1-dependent betaine aldehyde dehy-
drogenase (BADH; EC 1.2.1.8) in all organisms (Weretilnyk
and Hanson, 1990; Boyd et al., 1991; Lamark et al., 1991;
Chern and Pietruszko, 1995; Osteras et al., 1998). COX and
CDH are also capable of converting betaine aldehyde to
betaine, albeit less efficiently.

Many important crops such as rice, potato, and tomato
do not accumulate Gly betaine and are therefore potential
targets for engineering betaine biosynthesis (McCue and
Hanson, 1990). Transgenic expression of COX, because of
the simpler enzyme biochemistry, is attractive in this re-
gard. An Arthrobacter pascens gene encoding COX, which
was cloned in our laboratory (Rozwadowski et al., 1991),
and an A. globiformis COX gene isolated independently by
Deshnium et al. (1995) have been transferred to plants
(Hayashi et al., 1997, 1998; Huang et al., 1997). Ameliora-
tion of stress tolerance has also been found in some cases
(Alia et al., 1998a, 1998b; Sakamoto et al., 1998).

One of the objectives of this work was to determine if
plants that do not naturally accumulate betaine can sup-
port a significant measure of betaine synthesis upon trans-
genically acquiring a choline oxidation pathway. The A.
pascens COX gene was used, assuming that the COX would
oxidize the intermediate betaine aldehyde, as expected
from the enzymology of COX (Ikuta et al., 1977). Three
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different plant species, Arabidopsis, Brassica napus, and
tobacco (Nicotiana tabacum), were chosen to obtain a broad
indication of the physiological impact of this metabolic
engineering, and a robust gene expression module was
used to avoid poor transgene expression as a potentially
limiting factor. We found that the transgenics of all three
species synthesized far too little betaine to be of signifi-
cance to osmoregulation, as we noted previously in trans-
genic tobacco (Huang et al., 1997). Nuccio et al. (1998) have
also shown that the expression of spinach CMO in tobacco
resulted in much less betaine than is found in spinach. All
of these studies also showed that choline supplementation
enhances betaine production. Furthermore, we assessed
the stress tolerance of the transgenics. Our results collec-
tively demonstrate the inadequacy of installing the path-
way for choline oxidation alone and the need for metabolic
engineering of the choline supply to support physiologi-
cally relevant levels of betaine accumulation.

MATERIALS AND METHODS

Transgenic Plants

The open reading frame (1.9 kb) of COX was retrieved
from the cloned gene of Arthrobacter pascens (Rozwadowski
et al., 1991) and inserted into the Agrobacterium tumefaciens
binary vectors pHS993 and pHS724 (Fig. 1). A. tumefaciens
GV3101 (pMP90) (Koncz and Schell, 1986) derivatives car-
rying these plasmids were used in genetic transformation
of plants. Arabidopsis (ecotype RLD) and tobacco (Nicoti-
ana tabacum cv Xanthi) were transformed with the pHS993
derivative using published protocols (Horsch et al., 1985;
Valvekens et al., 1988), and Brassica napus (cv Westar) was
transformed with the pHS724 derivative following the pro-
tocol of Moloney et al. (1989). Primary transgenics were
selected for kanamycin resistance and verified by PCR or,
in the case of the pHS724 derivatives, by histochemical
staining for b-glucuronidase (GUS) (Jefferson et al., 1987).

In all cases, independently derived transgenic lines were
selected for further study.

Physiological Assessment

Seeds were germinated on sugar-free one-half-strength
(0.53) Murashige and Skoog (1962) basal medium with
kanamycin at 25 mg mL21 (Arabidopsis) or 100 mg mL21

(tobacco), solidified with 0.8% (w/v) agar in an incubator
(16-h day, 8-h night, 20°C constant, and 50 mmol m22 s21

photosynthetic photon flux density). B. napus seeds were
germinated in sterile soil in a growth cabinet (with 16-h
day, 8-h night, 20°C constant, and 290 mmol m22 s21 pho-
tosynthetic photon flux density). Ten kanamycin-resistant
Arabidopsis (4–6 cm tall) or GUS-positive, three-leaf-stage
B. napus seedlings were transplanted to individual square
pots containing approximately 1,300 mL of commercial
potting soil (Redi Earth, W.R. Grace, Ajax, Ontario, Cana-
da). Seedlings were grown in the above growth chamber.
Each line and treatment combination was replicated three
times.

Control plants were watered every 4th d with 300 mL of
a 20–20-20 fertilizer solution (Plant Products, Brampton,
Ontario, Canada) containing 5 mm (Arabidopsis) or 15 mm
choline (B. napus). Drought-stressed plants were watered
when the soil surface appeared dry. Salinization with NaCl
was done gradually over 3 d to reach 100 mm (Arabidopsis)
or 300 mm (B. napus). Shoot dry weight of Arabidopsis was
recorded at harvest, 23 d after the stress treatment. Shoot dry
weight of B. napus was recorded after 10 d of stress treat-
ment. Kanamycin-resistant tobacco seedlings (21 d) were
allowed to grow for an additional 62 d in Magenta boxes
containing sterile, sugar-free, 0.53 Murashige and Skoog
(1962) basal medium supplemented with 150 mm NaCl or
150 mm mannitol plus 15 mm choline before growth analysis
and betaine and d13C determination were initiated.

Leaf tissue from these plants was oven-dried at 60°C for
48 h. One milligram of ground, whole-leaf material was
analyzed for d13C with a 2020-isotope ratio mass spectrom-

Figure 1. T-DNA segment bound by the left (LB) and right borders (RB) of the binary vectors used in A. tumefaciens GV3101
(pMP90) (Koncz and Schell, 1986). The vectors originate in their predecessor RD400 (Datla et al., 1992). pHS993 offers
selection for kanamycin resistance, whereas pHS724, which is derived from pHS723 (Hirji et al., 1996), offers this selection
and also a facile screening for progeny analysis by GUS assay because of a functional fusion of GUS to neomycin
phosphotransferase (nptII). The COX open reading frame from A. pascens (Rozwadowski et al., 1991) was inserted into these
vectors for its expression under the control of a highly active cauliflower mosaic virus 35S promoter (23 35S) expression
module (Datla et al., 1993) containing the translational leader from RNA4 of alfalfa mosaic virus (AMV). Nos P, Nopaline
synthase gene promoter; Nos T, nopaline synthase gene terminator; 35S T, transcription termination/polyadenylation signal
of cauliflower mosaic virus from Guerineau et al. (1988).
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eter interfaced with a sample converter (Anca-GSL, Europa
Scientific, Crewe, UK). The carbon isotopic composition
(d13C, ‰) was calculated as:

d13C 5 ~$@13C#/@12C#sample

2 @13C#/@12C#standard%/@13C#/@12C#standard! 3 1,000

After measuring photosynthesis with a photosynthesis
system (model LI-6000, LI-COR, Lincoln, NE), tissue was
collected in syringes and kept frozen at 270°C overnight
prior to sap extraction. The osmotic potential of the tissue
sap was determined with a dew point microvoltmeter
(model HR-33T, WESCOR, Logan, UT).

Freezing tolerance of soil-grown Arabidopsis (bolted), B.
napus (three–five leaf stage), and tobacco (10–15 leaf stage)
was assayed by measuring leakage of electrolytes through
membranes as described by Dörffling et al. (1990). Three
Arabidopsis shoots or 10 leaf discs (0.75 cm2) from B. napus
or tobacco were placed in individual glass tubes and incu-
bated in a refrigerated bath/circulator (model RTE-111,
NESLAB Instruments, Portsmouth, NH) at 21°C for 1 h.
Ice nucleation was introduced by spraying fine ice crystals
on the tissue. The temperature was decreased to 27°C at
2°C h21 as tubes were removed at various intervals and
then thawed overnight at 4°C. Ten milliliters of de-ionized
water was added, and the tubes were incubated at 25°C for
6 h before measuring the electrical conductivity using a
conductance meter (model 35, YSI Scientific). Another con-
ductivity reading was taken after freezing the samples at
270°C and then thawing; this measurement represents the
total membrane leakage. The ratio of the first to the second
reading represents the relative injury. LT50 represents the
temperature at which there was a 50% electrolyte leakage.
As indicated, all of the stress treatment experiments were
performed on choline-supplemented plants.

RNA Isolation and Analysis

Total RNA was isolated from leaf tissue using a Trizol
RNA isolation kit (Life Technologies/Gibco-BRL, Burling-
ton, Ontario). For northern-blot analysis (Sambrook et al.,
1989), 20 mg of total RNA was fractionated by electrophore-
sis in 1% (w/v) agarose gels containing 0.66 m formalde-
hyde, transferred to GeneScreen Plus membrane (Life Sci-
ence, Boston), and crosslinked by UV illumination with a
Stratalinker (Stratagene, La Jolla, CA). Membrane-bound
RNA was hybridized at 42°C for 18 h with a [a-32P]dCTP-
labeled COX probe (.109 cpm mg21) prepared with a ran-
dom primer labeling kit (Life Technologies/Gibco-BRL).
The hybridization mix contained 50% (w/v) formamide, 53
SSPE, 53 Denhardt’s solution, and 400 mg mL21denatured
salmon sperm DNA. The membranes were washed with 23
SSC and 1% (w/v) SDS at 65°C for 30 min, followed by 15
min in 0.13 SSC and 0.1% (w/v) SDS, and then exposed to
x-ray film at 280°C. The probes were stripped off at 42°C for
1 h in a solution containing 0.4 m NaOH and 0.125% (w/v)
SDS, and re-hybridized with a rRNA probe.

Protein Isolation and Immunological Analysis

Fresh leaves or seedlings (5 g) or liquid-N2-frozen sam-
ples were powdered in liquid N2 and homogenized in 10
mL of buffer A containing 50 mm 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-KOH, pH 8.0, 10
mm EDTA, 25 mm dithiothreitol (DTT), 1 mm phenylmeth-
ylsulfonyl fluoride (PMSF), 10 mm b-mercaptoethanol, and
5% (w/v) insoluble polyvinylpyrrolidone (PVP). After cen-
trifugation at 10,000g for 10 min, proteins were precipitated
from the supernatant by adding solid (NH4)2SO4, followed
by centrifugation as above. The fraction collected between
40% and 80% (NH4)2SO4 contained most of the COX activ-
ity (data not shown). The proteins were dissolved in 2.5 mL
of buffer B (50 mm HEPES-KOH, pH 8.0, 10 mm EDTA, and
10% [v/v] glycerol), desalted with Sephadex G-25 columns
(PD-10, Pharmacia Biotech, Piscataway, NJ), and eluted
with 3.5 mL of buffer B. Protein concentration was mea-
sured with the Coomassie dye binding assay (Bio-Rad Lab-
oratory, Hercules, CA), using bovine serum albumin (BSA)
as the standard.

For western-blot analysis, 20 mg of the (NH4)2SO4-
fractionated protein was separated by SDS-PAGE (12%
acrylamide, w/v) and transferred to nitrocellulose mem-
branes (Sambrook et al., 1989). Purified COX from A. glo-
biformis (Boehringer Mannheim/Roche, Basel) served as
the positive control. Immunodetection was done using
COX antiserum (Rozwadowski et al., 1991). The mem-
branes were blocked for 1 h with 1% (w/v) BSA in 13 TBST
solution (Tris-buffered saline plus Tween 20), then incu-
bated for 1 h with a 1:1,000 dilution of COX antiserum in
13 TBST containing 1% (w/v) BSA. The membranes were
washed four times for 10 min each in 13 TBST, incubated
with alkaline-phosphatase-conjugated anti-rabbit antibody
diluted 1:5,000 in 13 TBST, and washed as above. The
membranes were incubated in darkness for 15 min in 30
mL of alkaline phosphatase buffer (pH 9.5) containing 264
mL of nitroblue tetrazolium (50 mg mL21) and 132 mL of
5-bromo-4-chloro-3-indolyl phosphate (50 mg mL21 in
dimethylformamide).

Assay of COX Activity

COX activity was determined spectrophotometrically by
a BADH-coupled enzymatic reduction of NAD1 at 22°C.
BADH activity was measured independently by betaine
aldehyde-specific reduction of NAD1 at 22°C (Weretilnyk
and Hanson, 1989). One unit of BADH equals 1 nmol
NAD1 reduced min21 mg21 protein. The reactions were
carried out in a final volume of 1 mL containing 50 mm
HEPES-KOH, pH 8.0, 10 mm EDTA, 1 mm NAD1, 130 units
of E. coli BADH (Boyd et al., 1991), 20 mm choline, and
protein extract. One unit of COX activity equals 1 nmol
NAD1 reduced min21 mg21 protein.

Betaine Extraction and Quantification

The method developed by Rhodes et al. (1989) was fol-
lowed. Oven-dried leaf material (10–40 mg) was ground in
methanol:chloroform:water (12:5:1) and d9-betaine (500
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nmol) was added as an internal standard. The aqueous
phase was fractionated by Dowex-1-OH2 and Dowex-
50-H1 ion-exchange chromatography. The betaine fraction
was eluted with 6 m NH4OH, dried under a stream of N2 at
45°C, and dissolved in 1 mL of distilled water. Liquid
chromatography/continuous flow secondary-ion mass
spectrometry was used to obtain spectral data (Selvaraj et
al., 1995).

Statistical Analysis

Analysis of variance (ANOVA) for physiological vari-
ables was performed using the general linear model in
Minitab (Minitab Inc., State College, PA). Treatment means
were compared using Fisher’s protected lsd test at the P #
0.05 level.

RESULTS

Expression of the COX Gene in Transgenic Plants

Progeny (T1) from more than 10 independently derived
transgenic lines from each of the three species were exam-
ined. Two transgenics of Arabidopsis, six of B. napus, and
three of tobacco were studied further. The Arabidopsis
lines were subsequently found to be homozygous, and
others were from T1 plants confirmed as transgenics by

PCR or GUS assay. Northern analysis of the transgenics
with a COX probe showed a transcript of 1.9 kb, which was
abundant in Arabidopsis and less abundant in B. napus
(Fig. 2A). In tobacco the transcript signal was faint, while in
the untransformed control it was undetectable. Notably,
similar results were also obtained with several other to-
bacco transgenic lines that were generated earlier but not
studied here (data not shown). Immunoblot analysis with a
polyclonal COX antiserum (Fig. 2B) showed a similar pat-
tern. The Arabidopsis lines gave the strongest signal at a
position corresponding to 66 kD, the expected size for
COX, as indicated by the marker.

The COX assay originally described for bacterial extracts
(Ikuta et al., 1977) gave unreliable results with plant ex-
tracts, and therefore a coupled assay was devised based on
the spectrophotometric assay for betaine aldehyde-
dependent reduction of NAD1 by BADH (Weretilnyk and
Hanson, 1989). Escherichia coli BADH (Boyd et al., 1991)
was used to couple COX-generated betaine aldehyde to
reduce NAD1. NAD1 reduction was undetectable in the
desalted extracts from the untransformed control, but var-
ious levels of choline-supported reduction were evident in
the transgenics (Fig. 2C). The Arabidopsis lines showed the
highest level of COX activity. The transgenics of B. napus
and tobacco contained 4- to 280-fold less COX activity
compared with Arabidopsis Line 18bb. Again, these results

Figure 2. COX expression analysis. The COX
open reading frame was used as a probe in
northern hybridization. The membranes were
stripped and re-probed with an 18S RNA probe.
The transgenic tobacco lines, but not the untrans-
formed control, showed a faint signal with COX
probe. Purified COX (Boehringer Mannheim/
Roche) was used as a positive control in immu-
noblot analysis. WT, Untransformed control.
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showed that among the three species, Arabidopsis showed
greatest level of COX expression and tobacco the least.
Indeed, the tobacco lines generated much earlier were not
pursued because of the inability to detect COX gene prod-
ucts based on northern- and western-blot analysis and the
original COX enzyme assay (data not shown). The reasons
for this consistently lower level of expression in tobacco
but not the other two species were not probed further.

Transgenic Plants Do Not Produce Physiologically
Relevant Levels of Betaine But Choline Supplementation
Enhances Betaine Accumulation

The betaine concentration in the untransformed and
transgenic lines from the three species was determined
(Fig. 3). The wild-type plants contained very little betaine
(approximately 1 mmol g21 dry weight), whereas the trans-
genic lines had 8.0 to 18.6 mmol g21 dry weight. This is at
least 10-fold lower than the betaine levels found in many
unsalinized, natural betaine producers. We suspected that
the endogenous supply of choline to the COX-mediated
oxidation pathway might be insufficient, and thus ad-
dressed the effect of exogenously supplying choline
(Huang et al., 1997). Initially, various concentrations of
choline were tested to find a suitable level that did not
adversely affect seedling growth. This varied for the three
species; B. napus plants could withstand up to 20 mm. As
shown in Figure 3, choline supplementation was correlated
with a very significant increase in betaine content in the
transgenics but not in the wild-type plants. The Arabidop-
sis lines showed the largest increase, 30- to 37-fold over the
unsupplemented levels, to give 563 to 613 mmol g21 dry
weight when supplemented with 10 mm choline. The other
two species also showed an increase. The relationship of
betaine production to precursor supply was particularly
evident in B. napus lines showing progressively higher

levels of betaine with an increasing supply of choline. One
of the Arabidopsis lines (18ad) also showed such an effect,
producing 50 mmol g21 dry weight betaine when supple-
mented with 2 mm choline (data not shown). Thus, choline
supplementation increases the in planta accumulation of
betaine.

Osmotic Potentials and Growth Response of the
Transgenic Lines

As expected, the osmotic potential of tissue sap extracted
from both B. napus and Arabidopsis plants grown under
drought and NaCl treatments decreased greatly compared
with the unstressed plants. No significant differences in
osmotic potential (lsd at 5% significance levels) were
found between transgenic and non-transformed lines with
either stress treatment or with no treatment (data not
shown). These results suggested that the amount of betaine
in the transgenic lines was inconsequential to osmotic ad-
justment either directly or indirectly, regardless of the spe-
cies, genotype, or stress treatment.

Shoot growth was determined to assess the stress toler-
ance of the transgenic lines (Table I). There was an appar-
ent reduction in the growth of transgenics even under
non-stress conditions, but this was likely due to germinat-
ing the seeds on kanamycin-containing agar medium to
select for only transgenic plants. All transgenics and their
corresponding untransformed controls suffered a growth
reduction under conditions of salinity and drought (tobac-
co was subjected only to salinity). In absolute terms, none
of the COX1 transgenics showed better growth than their
counterparts subjected to stress treatment. In B. napus
transgenic lines, the growth reduction due to salinity was
less severe than in the untransformed (wild-type) control.
The best case here was with Line 1929, in which the shoot

Figure 3. Betaine accumulation in B. napus, Arabidopsis, and tobacco. All plants were grown axenically in 0.53 Murashige
and Skoog (Murashige and Skoog, 1962) basal medium with or without choline supplement (n 5 3). B. napus was 23 d old
before betaine extraction (n 5 3), Arabidopsis 30 d old (n 5 1–3), and tobacco 62 d old (n 5 3).
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weight of salinized plants was 58% of the no-treatment
control (compared with the wild type at 40%).

Variations among transgenic lines for a given stress
treatment or between salinity and drought treatments were
also evident. For example, Line 1916 showed a relative
shoot weight of 67% under drought conditions compared
with 48% for Line 1929. A similar result was obtained with
Arabidopsis transgenics. The relative drought tolerance in
Line 18bb was more pronounced than salinity tolerance.
However, it was the reverse with Line 18ad, in which
drought stress had less impact on shoot growth of Arabi-
dopsis lines than saline conditions. Noting the statistical
variation, generally there appears to be a modest effect of
betaine on drought tolerance in these plants. Notably, in
one of the tobacco transgenics (Line 993-1), salinity had
very little adverse effect, if any, and had only a moderate
effect in the other two lines tested.

Photosynthetic Capacity in Transgenic Arabidopsis and
B. napus under Stress

To determine if betaine has a beneficial effect on the
photosynthetic system under stress conditions, the net pho-
tosynthetic rate (Pn) and whole leaf d13C were measured. In
B. napus (Fig. 4A), differences among the lines, including
the untransformed controls, were not significant when no
stress treatment was given. All of these lines seemed to
have a lower Pn under saline conditions (300 mm NaCl),
but the transgenics seemed to enjoy some protection of

their photosynthetic machinery while the control plants
suffered more damage. This was more evident under
drought conditions, most notably with Line 1929. In con-
trast, the transgenic lines of Arabidopsis showed a reduc-
tion in Pn even under the unstressed conditions (Fig. 4B).
There was very little difference, if any, in the Pn between
no-stress and drought stress conditions for a given line.

Based on the 13C data, B. napus and its transgenics
showed stomatal closure under salt conditions (although
less of it in the transgenics). There were some variations:
Line 1929 appeared to have notably less increase in d13C
(increase of 1.6‰) under salinity relative to the wild type
(increase of 3.1‰), whereas Line 1928 seemed less affected
by drought (increase of 1.1‰) than by salt (increase of
2.4‰). Wild-type and transgenic Line 993-1 of tobacco
showed a significant increase in d13C under saline condi-
tions, but the other two transgenics, particularly Line 993-9,
did not. The growth response (Table I) did not, however,
show a correlation with carbon isotope discrimination
(consider Line 993-1 in Tables I and II). In Arabidopsis,
carbon isotope discrimination values for the untrans-
formed line indicated significant partial stomatal closure
and an associated reduction in stomatal conductance (in-
crease in d13C) under salinity conditions (increase of 1.5‰;
lsd0.05 5 0.5) but not drought conditions (0.3‰). The two
transgenic lines also showed a similar trend.

Figure 4. Photosynthesis of choline-supplemented (see “Materials
and Methods”) B. napus and Arabidopsis under stress treatments. A,
Net photosynthetic rate (Pn, mmol m22 s21) of B. napus plants grown
under control, salt, and drought conditions. B, Net photosynthetic
rate (Pn, mmol m22 s21) of Arabidopsis plants grown under control
and drought treatments. Photosynthesis was not determined for Ara-
bidopsis plants grown under salt stress conditions due to stunted
growth.

Table I. Shoot growth of choline-supplemented wild-type (WT)
and betaine-producing transgenic lines under stress and respective
controls (n 5 3) (g dw plant21)

The LSD0.05 values are 0.402 for B. napus, 0.050 for Arabidopsis,
and 0.469 for tobacco.

Plant Line
Shoot Weight

Control NaCla Drought

g21 dry wt plant21

B. napus
WT 1.51 (100) 0.60 (40) 0.36 (24)
1916 0.92 (100) 0.51 (55) 0.62 (67)
1928 1.14 (100) 0.60 (52) 0.46 (41)
1929 1.20 (100) 0.70 (58) 0.58 (48)

Arabidopsis
WT 0.311 (100) 0.05 (16) 0.212 (68)
18bb 0.199 (100) 0.039 (20) 0.198 (99)
18ad 0.179 (100) 0.074 (41) 0.128 (71)

g21 fresh wt plant21

Tobacco
WT 1.174 (100) 0.231 (20) NDb

HS723c 0.599 (100) 0.117 (20) ND
993-1 0.299 (100) 0.287 (96) ND
993-8 0.311 (100) 0.209 (67) ND
993-9 0.358 (100) 0.203 (57) ND

aStepwise salinization to 300 mM for B. napus, 100 mM for Arabi-
dopsis, and 150 mM for tobacco. The relative value with respect to
the control (no treatment) condition (100%) for each line is shown in
parentheses. bND, Not determined. cVector-alone transgenic
line.
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Freezing Tolerance of Transgenics

Osmolytes such as betaine protect cells against freezing
injury (Zhao et al., 1992). Conductivity measurements for
electrolyte leakage upon controlled, gradual freezing
showed that membrane damage occurred in non-
transgenic Arabidopsis at 23°C, but there was less damage
in the transgenic lines, particularly in Line 18bb (Fig. 5).
The LT50 of the Arabidopsis transgenics also showed a
modest improvement in freezing tolerance (by 20.6°C to
20.9°C). In contrast, none of the transgenic lines of B. napus
or tobacco described displayed a better freezing tolerance
than their non-transgenic controls (data not shown).

DISCUSSION

Transgenic Expression of COX in Three Species

COX activity was evident in Arabidopsis, B. napus, and
tobacco, indicating post-translational assembly of the bac-
terial flavoprotein in the plant hosts. Despite the use of the
same cauliflower mosaic virus 35S-alfalfa mosaic virus ex-
pression module, however, the COX activity in tobacco was
approximately 60-fold lower than that in Arabidopsis. The
apparently poor expression in tobacco is inexplicable at
this time, but it is noteworthy. We had disregarded two
earlier lots of transgenics because of barely detectable COX
transcript and equivocal COX enzyme assay data. While
tobacco is a commonly used host for transgenic evaluation
of foreign genes, our experience underscores its potential
limitations.

Endogenous Choline Supply Is a Limiting Factor in
Accumulation of Betaine

Choline oxidation has been installed in four non-betaine
accumulating plant species. This has been done with an E.

coli CDH (tobacco; Lilius et al., 1996), an A. pascens COX
(tobacco; Huang et al., 1997), a spinach CMO (tobacco;
Nuccio et al., 1998), an A. globiformis CodA (Arabidopsis
and rice; Hayashi et al., 1997; Sakamoto et al., 1998), and
the A. pascens COX (Arabidopsis; B. napus and tobacco; this
study). In no case has there been a report of accumulation
of even the threshold level of betaine found in some natural
betaine accumulators. Of all of these, the Arabidopsis
transgenics described here show the greatest level (approx-
imately 19 mmol g21 dry weight), which is at least 5-fold
lower than the level in natural betaine accumulators. Thus,
regardless of the source of the gene or the target plant, the
non-producers do not seem capable of supporting physio-
logically relevant levels of betaine synthesis.

Nuccio et al. (1998) and Huang et al. (1997; this study)
have shown that the choline supply for betaine synthesis is
a limiting factor in two different cultivars of tobacco, in
Arabidopsis, and in B. napus. Furthermore, Nuccio et al.
(1998) have clearly identified biosynthesis of choline as a
limitation in tobacco, and have also found the first of the
three successive methylations of ethanolamine to be the
major constraint. The activity of phosphoethanolamine
N-methyltransferase, the enzyme catalyzing this step, was

Figure 5. Relative membrane leakage (L) and deduced freezing tol-
erance (LT50) of choline-supplemented (see “Materials and Meth-
ods”) Arabidopsis wild type and its betaine-producing transgenic
lines (18bb and 18ad) at indicated temperatures. Leakage at 4°C
served as the control. Values are means of six observations (n 5 6);
asterisks denote significant difference from the controls (P 5 0.05).
Straight lines are regression lines.

Table II. 13C composition (d13C) of choline-supplemented wild-
type (WT) and transgenic plants under osmotic stress (n 5 3)

The LSD0.05 values are 0.82 for B. napus, 0.50 for Arabidopsis, and
3.50 for tobacco.

Plant Line
d13C

Control NaCla Drought

‰

B. napus
WT 233.0 229.9 230.8
1916 233.2 230.8 230.9
1928 233.0 230.6 232.2
1929 232.6 231.0 230.7

Arabidopsis
WT 230.4 228.9 230.1
18bb 230.7 229.1 230.0
18ad 230.6 229.5 230.2

Tobacco
WT 222.2 217.6 NDb

993-1 223.7 219.8 ND
993-8 221.4 220.0 ND
993-9 219.4 220.0 ND

aConcentrations of NaCl were the same as in Table I. bND,
Not determined.
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found to be 30- to 100-fold lower in tobacco compared with
spinach, a natural betaine producer. Because the primary
intracellular fate of choline in non-accumulators is phos-
phatidyl choline, which is present at only 1 to 2 mmol g21

fresh weight, non-accumulators may have evolved a
choline-synthesizing capacity sufficient only to satisfy the
modest need for phosphatidyl choline. Sakamoto et al.
(1998) concluded that choline supply was not a limiting
factor in rice on the basis of unaltered levels of free choline
in their CodA1 transgenics and the parent, but the other
studies noted above clearly point to this as a constraint in
the other species. Indeed, the observations of Sakamoto et
al. (1998) that cytosolic CodA1 transgenics produced a
5-fold greater level of betaine than the chloroplastic CodA1

lines (1 mmol g21 fresh weight) may be indicative of a
limitation in the chloroplastic choline supply.

Exogenous supply of choline at 10 mm increased the
level of betaine to 580 mmol g21 dry weight in Arabidopsis,
130 mmol g21 dry weight in B. napus, and 57 mmol g21 dry
weight in tobacco. Interestingly, the measurable COX ac-
tivity in these three species also followed this general or-
der. Keeping in mind that these plants may differ with
regard to choline uptake and flux to betaine synthesis, COX
expression may well become a limiting factor when the
substrate supply is not.

Stress Tolerance Responses of the Transgenics

The apparent reduction in the growth of unstressed
transgenics is likely due to germinating the seeds on
kanamycin-containing medium. Against this background,
there was a moderate improvement in relative stress toler-
ance but no unified picture emerged for the three species.
Disparities among stress responses and tolerance criteria
were observed for a given species and across the three
species. For instance, transgenic tobacco did not suffer as
much reduction in the shoot weight as did the parental line
or the line transformed with the vector alone (pHS723).
When stomatal closure was estimated, the tobacco trans-
genic line (993-1) that had been judged from the shoot
weight measurement as the most tolerant was the one
showing the most sensitivity to salinity.

With regard to relative shoot growth under salinity treat-
ment, COX1 Arabidopsis lines did not possess as much
tolerance as their tobacco counterparts. One of the Arabi-
dopsis transgenics did, however, show a less severe growth
inhibition by drought. Arabidopsis transgenics, but not B.
napus transgenics, also showed a small improvement in
freezing tolerance, suggesting that just as for chloroplastic
betaine production (Alia et al., 1998a), cytosolic betaine
production could also afford some low-temperature toler-
ance. Betaine has been shown to stabilize membrane integ-
rity and photosynthetic machinery (Deshnium et al., 1995;
Hayashi et al., 1997; Sakamoto et al., 1998). When the
photosynthetic rate was measured, Arabidopsis transgen-
ics did not fare better, whereas B. napus transgenics did to
some extent. While we had determined that stressed trans-
genic plants also accumulated betaine upon choline sup-
plementation (data not shown), we do not know if the
stress treatment itself had an effect on the betaine content.

Thus, the variation in the tolerance responses of the trans-
genics remain unexplained. Sulpice et al. (1998) have ques-
tioned if betaine is indeed a compatible solute in B. napus
based on deleterious effects of uptake of betaine by leaf
explants. However, as they cautiously stated, their results
were not predictive of the impact in whole plants. Our
results do not indicate deleterious effects of cytosolic be-
taine production in B. napus.

CONCLUDING REMARKS

The stress tolerance measurements would be far more
informative if they were done in transgenic systems that
support synthesis of a physiologically significant amount
of betaine. This calls for metabolic engineering of the
choline-betaine network in a systematic approach. In the
long-term, not only do we need such transgenics, but they
must also be engineered to be responsive to stress condi-
tions so as to avoid unnecessarily taxing the metabolic
network.

Overexpression of a choline oxidation gene in a natural
betaine producer has not been attempted so far, but it will
be interesting and instructive with regard to metabolic flux.
Would there be additional flux of choline to support an
enhanced betaine synthesis beyond the level seen in salin-
ized non-transgenics? Would there be other constraints
such as the supply of methyl groups? Nuccio et al. (1998)
make a compelling case for metabolic modeling to aid
transgenic enhancement of osmolyte biosynthesis. Meta-
bolic engineering must traverse empirical science to pre-
dictive manipulation. This requires an understanding of
the fundamental biochemistry and of the rigid and plastic
points of the metabolic network.
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